We have examined the effect of chronic (4 wk) hyperglycemia on insulin secretion in vivo in an awake, unstressed rat model. Three groups of animals were examined: control, partial (90%) pancreatectomy, and partial pancreatectomy plus phlorizin, in order to normalize plasma glucose levels. Insulin secretion in response to arginine (2 mM), hyperglycemia (+100 mg/dl), and arginine plus hyperglycemia was evaluated. In diabetic compared with control animals three specific alterations were observed: (a) a deficient insulin response, in both first and second phases, to hyperglycemia; (b) an augmented insulin response to the potentiating effect of arginine under basal glycemic conditions; and (c) an inability of hyperglycemia to augment the potentiating effect of arginine above that observed under basal glycemic conditions. Normalization of the plasma glucose profile by phlorizin treatment in diabetic rats completely corrected all three beta cell abnormalities. These results indicate that chronic hyperglycemia can lead to a defect in in vivo insulin secretion which is reversible when normoglycemia is restored.
Introduction
Glucose is the primary regulator of insulin secretion in vivo. It exerts this role by stimulating directly the beta cell and by modulating the effect of other secretagogues (1, 2) . In contrast to acute intermittant elevations in the plasma glucose concentration, which provide a powerful insulin secretory stimulus to the beta cell, Weir et al. have advanced the hypothesis that chronic sustained hyperglycemia, in the presence of a reduced beta cell mass, may lead to the development of a defect in insulin secretion (3) . Over the years, much evidence has accumulated to indicate that the beta cells of diabetic man (4, 5) and animals (6) (7) (8) (9) have acquired a specific defect in their ability to respond to glucose. In contrast, the pancreas' response to nonglucose secretagogues such as arginine (9) , leucine (7), sulfonylurea drugs (10) , and isoproterenol (10, 11) is well maintained. Similarly, the ability ofglucose to modulate the insulin response to these nonglucose secretagogues is consistently impaired (7, 9) . However, the precise factors that are responsible for the beta cells' "blindness" to glucose have yet to be defined.
In the present study we have examined, for the first time in vivo, whether chronic hyperglycemia can lead to the development of a defect in insulin secretion in otherwise healthy beta cells, and whether restoration of normoglycemia can correct the impairment in insulin secretion. To bring about a reduction in beta cell mass and produce a state of chronic hyperglycemia, a 90% surgical pancreatectomy was performed (12) . The remaining 10% of the pancreas is left intact, and insulin secretion, expressed per remaining pancreatic mass, should be normal unless some acquired defect in beta cell function develops. To examine whether any acquired beta cell abnormality was specifically the result of chronic exposure to hyperglycemia, diabetic rats received a continuous infusion of phlorizin for 4 wk. This agent induces renal glucosuria and leads to normal fasting and near normal postmeal plasma glucose levels (13) . The ability of the pancreas to secrete insulin was evaluated using the hyperglycemic clamp technique (14) so that the early and late phases of insulin secretion could be examined separately and compared with the response to arginine.
Methods
Animal preparation. Three groups of male Sprague-Dawley rats (Charles River Breeding Laboratories, Wilmington, MA), weighing between 80 and 100 g (3-4 wk old) were studied. Group I: sham-operated controls (n = 7); group II: partially pancreatectomized rats (n = 10); and group III: partially pancreatectomized rats treated with phlorizin (n = 6). All rats (3-4 wk old) were anesthesized with phenobarbital (50 mg/kg body wt), and in groups II and III 90% of the pancreas was removed according to the technique of Foglia (12) , as modified by Bonner-Weir et al. (3) . Group I animals underwent a sham pancreatectomy in which the pancreas was disengaged from the mesentery and gently rubbed between the fingers. Postoperatively, rats were housed in an environmentally controlled room with a 12-h light/ dark cycle and allowed free access to standard rat chow (Ralston-Purina Co., St. Louis, MO) and water. Within 48 h all animals had recovered from surgery and were eating normally. In group III rats phlorizin (0.4 g/kg body wt per d made up in a 20% solution ofpropylene glycol) treatment was initiated 14 d postsurgery, at a time when hyperglycemia first became evident in the partially pancreatectomized rats and was continued for 4 wk. Phlorizin was administered as a continuous subcutaneous infusion through a small implantable minipump (Alzet osmotic minipump; Alza Corp., Palo Alto, CA) to ensure day-long inhibition of renal tubular glucose reabsorption. After surgery, rats were weighed twice weekly and tail vein blood collected at the same time for the determination of fed plasma glucose and insulin concentrations.
5 wk postpancreatectomy and sham operation (i.e., I wk before performing the hyperglycemic clamp study) rats were anesthesized with phenobarbital (50 mg/kg body wt) and indwelling catheters were inserted so that the animals could be studied in the awake, unstressed state. Two internal jugular catheters were inserted and extended to the level ofthe right atrium and a left carotid catheter was advanced to the aortic arch. The three catheters were filled with heparnn/polyvinylpyr-rolidone solution, sealed, and tunneled subcutaneously around the side ofthe neck to the back ofthe head. The catheters were externalized through a skin incision and anchored to the skull with a dental cement cap (Durelon; Premier Co., Norristown, PA), which was reinforced by four jeweler's case screws (0.07 mm).
Experimental protocol. All studies were conducted in the morning Tables   III-V The baseline plasma insulin concentration for the combined glucose/ arginihe infusion period was calculated as the mean of the 130-and 140-min time points. All values are presented as the meAn±SEM. Significant differences between groups were determined using the one-way analysis of variance in conjunction with the Student-Newman-Kuel test.
Results
Body weight, plasma glucose, and insulin concentrations. All animals were studied 6 wk after pancreatectomy or sham pancreatectomy. At this time no significant differences in body weight were observed between any of the three groups (Table  I ). The fasting (mean of four values during the 2 wk before study) and fed plasma glucose concentrations are shown in Table I . In group II rats (90% pancreatectomy) the fasting plasma glucose concentration was slightly increased (both P <0.01) compared with both groups I (sham-operated controls) and III (phlorizin-treated diabetic rats). The fasting plasma glucose in phlorizin-treated diabetic animals was slightly but not significantly elevated compared with controls. The fed plasma glucose concentration in diabetic rats was approximately twice that observed in controls (P < 0.001). Before the initiation ofphlorizin treatment at 2 wk after pancreatectomy, the fed plasma glucose (296±19 mg/dl) was similar to that observed in the diabetic group (284±13 mg/dl). After 4 wk of phlorizin therapy (group III), the fed plasma glucose concentration was reduced to levels similar to those in controls.
The fasting plasma insulin concentration was similar in all three groups. The fed plasma insulin concentration was similarly reduced in groups II and III compared with controls (P <0.001). Pancreatic insulin content (Table II) . Pancreatic weight and insulin content in groups II and III were similarly and markedly decreased to -15% of the sham-operated control group (P < 0.001). The decrease in pancreatic insulin content closely paralleled the reduction in pancreatic mass in all rats. Plasma glucose and insulin concentrations during arginine/glucose infusion (Figs. I and 2; Table III) . After an overnight fast (2200-0900 h) plasma arginine concentrations were 152±4 ,M in group I, 194±12 MAM in group II, and 187±15 MM in group III. Arginine infusion (0-30 min) resulted in steady state plasma arginine levels that were similar in all three groups: 2,187±199 M&M in group I, 2,319±99 MuM in group II, and 2,357±107 AM in group III. The plasma glucose concentration increased slightly (by 10-20 mg/dl) and similarly in the three groups during arginine infusion (Fig. 1) . The mean incremental plasma insulin response to arginine was reduced by 54% in the diabetic group and by 84% in the diabetic rats treated with phlorizin (P < 0.00 1) (Table III) .
By the end of the 30-80-min period of saline infusion, plasma glucose and insulin concentrations returned to basal, pre-arginine infusion levels ( Figs. 1 and 2 ). During the 1 h hyperglycemic clamp study (80-140 min) the increment in plasma glucose concentration was 96±2, 99±4, and 99±4 mg/dl in groups I, II, and III, respectively. In all studies the coefficient of variation in plasma glucose concentration was < 5%. The glucose infusion rate (140-180-min period) necessary to maintain the plasma glucose concentration constant at the desired hyperglycemic plateau was 24.3+1.2, 4.3+0.3, and 7.3±0.4 mg/kg. min in groups I, II, and III, respectively. The mean plasma insulin response in the diabetic group was reduced by 95% compared with controls (0.30 vs. 5.75 ng/ml, P < 0.001). In phlorizin-treated diabetic rats the mean plasma insulin response (0.91 ng/ml) was increased threefold (P < 0.01) compared with the diabetic group, but was still much reduced compared with controls when viewed in absolute terms (Table III) .
When an arginine infusion (140-170 min) was superimposed on hyperglycemia, the mean incremental plasma insulin response (20.61 ng/ml) was significantly greater than the additive effects of hyperglycemia (5.75 ng/ml) alone or arginine (3.80 ng/ml) alone. During combined arginine/glucose infusion, the mean plasma incremental response in both group II and group III rats was reduced by 90% compared with controls (P < 0.001).
Since diabetic animals had 90% oftheir pancreas removed, it is not surprising that the plasma insulin response, when viewed in absolute terms, was deficient. Therefore, the incremental plasma insulin responses were also calculated per gram of pancreatic tissue and per pancreatic insulin content (Table  IV) . Since pancreatic weight and insulin content were highly 
Discussion
At substrate concentrations within the physiologic range, glucose is the primary regulator of insulin secretion (16) . It not only stimulates insulin release directly, but also modulates the action of other secretagogues on the beta cell ( 17) . In normal man chronic hyperglycemia has been shown to augment in vivo insulin secretion (18, 19) . In contrast, in rats with a reduced beta cell mass evidence has accumulated that chronic hyperglycemia may lead to a defect in beta cell function by decreasing glucose-stimulated insulin secretion and impairing the modulating effect of nonglucose secretagogues on insulin secretion (6) (7) (8) (9) 20) . Note, however, that all ofthe human studies involved healthy, nondiabetic subjects and the period of hyperglycemia was of short duration (days), whereas the animal studies involved prolonged periods of hyperglycemia (weeks) and were carried out in diabetic rats. Furthermore, all of these previous studies have two major shortcomings: First, islet cell function was examined in vitro and, to our knowl- edge, the impairment ofbeta cell function after chronic hyperglycemia has not been characterized in vivo. This is of considerable importance since the neuronal input to the pancreas and the influence of circulating hormones are lost when the islets are removed from the body. Moreover the preceding anesthesia, with an increase in circulating catecholamine levels, may alter beta cell function. Second, and more importantly, before the concept that chronic hyperglycemia is deleterious to beta cell function can be accepted, it must be shown that restoration ofnormoglycemia can return insulin secretion to normal. In the one rat study in which insulin treatment was used to normalize plasma glucose levels, no improvement in glucose-induced insulin secretion was observed (9) . Interestingly, short-term insulin therapy in man has been shown to result in a partial improvement in insulin secretion in type II diabetic individuals (21, 22) . However, it is not clear whether this improvement is related to the decline in plasma glucose concentration or to some other metabolic effect brought about by insulinization.
In the present study we have examined the effect ofchronic hyperglycemia on insulin secretion in an awake, unstressed rat model. Partial (90%) pancreatectomy was used to reduce beta cell mass and cause a chronic sustained, modest elevation in the plasma glucose concentration. With this procedure the residual 10% of the pancreas lying between the common bile duct and the duodenum is not touched, so that the remaining beta cells should be functionally intact. This avoids the concern of beta cell toxicity when streptozotocin is used to reduce beta cell mass. To evaluate beta cell function, we used the hyperglycemic clamp technique (14) since this allows the investigator to examine both the first and second phases of insulin secretion. The loss of first phase insulin secretion has been postulated to represent a specific and early defect in the pathogenesis of both type I (23, 24) and type II (24-26) diabetes mellitus. Furthermore, its reversal with treatment ofthe hyperglycemia has never been reported in animal models of diabetes; in man, only occasional reports have demonstrated a partial correction after normalization of the plasma glucose concentration (27, 28) . 6 wk after partial pancreatectomy the fasting plasma glucose concentration had risen to -120 mg/dl, and moderately severe postmeal hyperglycemia (250-300 mg/dl) was present. These fed glucose values are similar to those reported by Orland et al. (29) and slightly greater than those reported by Bonner-Wier et al. (3) . These small differences in the severity of diabetes is most likely accounted for by a number of factors including strain differences, variations in the age at which the surgical pancreatectomy was performed, and interanimal variation (30) . Fasting plasma insulin levels were similar in diabetic and control rats but the post-meal plasma insulin response (Table I ) was markedly impaired. When diabetic animals were treated with phlorizin, an inhibitor of renal glucose transport, both the fasting and post-meal plasma glucose concentrations were returned to normal without any change in either the basal or fed plasma insulin levels. Since phlorizin treatment did not affect pancreatic weight or pancreatic insulin content, any improvement in beta cell function can not be attributed to an increased beta cell mass or insulin content. Pancreatic weight and insulin content was similar in diabetic and phlorizin-treated diabetic rats and was -15% of that observed in the control animals. These data are in good agreement with those ofOrland et al. (29), who showed that at 3 and 14 wk after pancreatectomy the remnant pancreatic weight and insulin content ranged from 12 to 15% of normal.
To examine the modulating effect of glucose on nonglucose secretagogues, we quantitated arginine-mediated insulin secretion at two plasma glucose concentrations (120 and 220 mg/dl) in control, diabetic, and phlorizin-treated diabetic rats. Since 90% of the pancreas was removed in both diabetic groups, it is obvious that the absolute amount of insulin secreted must be reduced. Therefore, the plasma insulin response was expressed, not only in absolute terms, but also per residual pancreatic weight and insulin content. During arginine infusion the basal plasma glucose concentration was similar in diabetics compared with control rats. The absence of an excessive glucose response to arginine often observed in other diabetic states can probably be related to the preserved ratio of beta/alpha cells in the pancreatectomized rat model (3). Similar steady state plasma arginine levels were achieved in control, diabetic, and phlorizin-treated diabetic rats. Diabetic animals, whose beta cells had been exposed to day-long hyperglycemia, demonstrated a marked hyperresponsiveness (threefold greater) to arginine when studied at their fasting plasma glucose concentration (-120 mg/dl). These results are qualitatively quite similar to those of Leahy et al. (9) , who used perfused pancreata from partially pancreatectomized and streptozotocin diabetic rats. Thus, both the in vitro studies, as well as our in vivo studies, demonstrate that chronic hyperglycemia has a potentiating effect on amino acid-mediated insulin secretion.
In marked contrast to the potentiating effect on argininemediated insulin release, chronic hyperglycemia severely impaired by 60-70% (Table IV) the pancreatic response to an acute glucose infusion. This reduction affected both the early (0-10 min) and late (10-60 min) plasma insulin responses, which were decreased by 93 and 60%, respectively. This severe reduction in glucose-induced insulin secretion in vivo is consistent with a number of in vitro studies carried out with islet tissue obtained from diabetic rats (6) (7) (8) (9) . Most recently, it has been shown that a 48-h glucose infusion, designed to raise the plasma glucose concentration to 183±13 mg/dl in normal rats, leads to a defect in the beta cells' ability to respond to an acute hyperglycemic challenge in vitro (31) . However, in the same study when glucose was infused for a similar period of time to raise the plasma glucose concentration to 164±4 or 370±25 mg/dl, no impairment in the insulin secretory response to acute hyperglycemia was observed. To ensure that the inability of our diabetic rats to respond during the hyperglycemic clamp was not due to beta cell exhaustion, animals were rechallenged with arginine while maintaining hyperglycemia at 220 mg/dl. As can be seen in Table IV and Fig. 2 (bottom) , the insulin response to this second arginine stimulus was slightly, although not significantly less than observed in controls, if expressed per pancreatic weight or insulin content. Thus, the deficient response to hyperglycemia can not be attributed to beta cell insulin depletion. Note that the incremental plasma insulin response to the second arginine stimulus in diabetic rats was of similar magnitude to the initial arginine challenge, indicating that the potentiating effect of glucose was already near maximal at a glucose concentration (120 mg/dl) similar to the fasting glucose level observed in the diabetic rats in vivo. This situation is quite different from that observed in the control animals where the second arginine stimulus (at a plasma glucose concentration of 220 mg/dl) produced a fivefold greater insulin response (Table IV) than observed during the first arginine stimulus. Thus, the diabetic beta cell appears to be characterized by three specific alterations: (a) a deficient insulin response, both first and second phases, to hyperglycemia; (b) a hypersensitivity to the potentiating effect of arginine under basal glycemic conditions; and (c) an inability of hyperglycemia to augment the potentiating effect of arginine above that observed under basal glycemic conditions. Our interpretation of the arginine infusion studies is that the prolonged hyperglycemia observed in diabetic rats induces a state of chronic potentiation which is already maximal under the fasting hyperglycemic conditions observed in vivo.
To examine the role of hyperglycemia per se on the above three defects in insulin secretion, a separate group of diabetic animals was started on phlorizin treatment 2 wk postpancreatectomy, i.e., at the time when hyperglycemia is first noted to develop. Phlorizin, by inhibiting glucose reabsorption by the renal tubular cells, induced a state of persistent renal glucosuria and completely normalized both the fasting and postmeal plasma glucose levels without any alteration in the plasma insulin response. As can be seen in Table IV and Fig. 2  (top) , normalization of the plasma glucose profile corrected all of the defects in insulin secretion observed in diabetic rats. Most noteworthy, the plasma insulin response to hyperglycemia by the residual beta cells from diabetic rats was completely normalized. This improvement in insulin secretion involved both the first and second phases of insulin release, which returned to values similar to those observed in control rats (Table V) . One previous investigation has attempted to examine whether glycemic control in diabetic (streptozotocin induced) rats could reverse the defect in glucose-stimulated insulin secretion (22) ; in this study insulin therapy failed to improve beta cell function. However, there were several noteable differences between this study (22) and our own. First, the period of insulin therapy was quite short, only 24 h, and this may have been of insufficient time to observe any improvement in insulin secretion. Second, the insulin treatment resulted in modest hypoglycemia, which of itself could impair insulin secretion. And lastly, exogenous insulin administration with resultant hyperinsulinemia has been shown to have a feedback inhibition of pancreatic insulin secretion (32) . In the studies of Leahy et al. (31) , where chronic (48 h) glucose infusion was associated with an acquired insulin secretory defect in response to an acute hyperglycemic stimulus, cessation of the glucose infusion for 72 h was associated with a return of insulin secretion to normal.
Long-term correction ofhyperglycemia in diabetic rats also corrected the hyperresponsiveness to arginine. Thus, when the plasma arginine concentration was increased to 2 mM and plasma glucose was maintained at basal levels, the mean plasma insulin response decreased from 8.9 to 2.8 ng/ml per g pancreas (Table IV) , a value that was not significantly different from the control rats. Similarly, the potentiating effect of hyperglycemia (220 mg/dl) on arginine-mediated insulin secretion increased markedly to a value that was slightly, although not significantly, greater than in control animals.
Our observations may have particular relevance for understanding the pathogenesis of type II or non-insulin-dependent diabetes mellitus. The little data that are available in man suggest that pancreatic mass is reduced to approximately 60-70% of normal (33, 34) in non-insulin-dependent diabetes mellitus. Such a decrease, of itself, would not be sufficient to account for the marked insulinopenia observed in many type II diabetic patients, especially in those with fasting plasma glucose levels above 200-220 mg/dl. It seems likely, therefore, that some factor(s) must be responsible for impairing insulin secretion in such individuals. On the basis of our results it is interesting to hypothesize that one such factor could be glucose itself. Thus, chronic hyperglycemia could be postulated to cause a "desensitization" of the beta cells' ability to respond to a glucose stimulus. Such a desensitization may be common to all cells in the body. Using the same partially pancreatectomized rat model, we recently have shown that chronic hyperglycemia leads to peripheral tissue insensitivity to the action of insulin (13) . Other investigators have shown that hyperglycemia can down-regulate the glucose transport system in noninsulin dependent tissues, such as the cerebral cortex (35, 36) . One could speculate that chronic sustained hyperglycemia causes a generalized down-regulation of glucose transport and metabolism in all cells of the body. This could account for such diverse observations as severe insulin resistance in peripheral (13, 37) and hepatic (38) tissues, impaired insulin secretion in response to glucose (but a normal response to nonglucose stimuli) (6) (7) (8) (9) 39) , and the development of symptoms of neuroglycopenia at "normal" plasma glucose levels in poorly controlled diabetic individuals (40) . Our results also might help to explain the uniform improvement in insulin secretion observed after a number of diverse maneuvers, all of which have in common the ability to lower the plasma glucose concentration. Thus, acute (41) and chronic (42) caloric restriction, intensified insulin therapy (43) , and sulfonylurea drugs (44, 45 ) all result in a significant lowering of the plasma glucose concentration and a concomitant increase in insulin secretion which may be sustained even after the therapy is discontinued. The therapeutic efficacy of these maneuvers may, in part, be related to their plasma glucose lowering effect, which secondarily leads to an improvement in insulin secretion.
In summary, our results demonstrate two important relationships between the plasma glucose concentration and insulin secretion: first, chronic (4 wk) sustained hyperglycemia markedly impairs the ability of the beta cell to respond to an acute glucose stimulus; second, chronic hyperglycemia induces a state of beta cell "potentiation" to nonglucose secretagogues such as arginine. These alterations in insulin secretion can be reversed completely with correction of the hyperglycemia.
